The basic type of rock mass reinforcement method for both preparatory and operational workings in underground metal ore mines, both in Poland and in different countries across the world, is the expansion shell or adhesive-bonded rock bolt. The article discusses results of static loading test of the expansion shell rock bolts equipped with originally developed deformable component. This component consists of two profiled rock bolt washers, two disk springs, and three guide bars. The disk spring and disk washer material differs in stiffness. The construction materials ensure that at first the springs under loading are partially compressed, and then the rock bolt washer is plastically deformed. The rock bolts tested were installed in blocks simulating a rock mass with rock compressive strength of 80 MPa. The rock bolt was loaded statically until its ultimate loading capacity was exceeded. The study presents the results obtained under laboratory conditions in the test rig allowing testing of the rock bolts at their natural size, as used in underground metal ore mines. The stress-strain/displacement characteristics of the expansion shell rock bolt with the deformable component were determined experimentally. The relationships between the geometric parameters and specific strains or displacements of the bolt rod were described, and the percentage contribution of those values in total displacements, resulting from the deformation of rock bolt support components (washer, thread) and the expansion shell head displacements, were estimated. The stiffness of the yielded and stiff bolts was empirically determined, including stiffness parameters of every individual part (deformable component, steel rod). There were two phases of displacement observed during the static tension of the rock bolt which differed in their intensity.
INTRODUCTION
Rock bolts used in the underground mining can be divided into three types: adhesive-bonded, mechanically expanded, and frictional [21] . This type of rock mass support fulfils its function when it works together with the adequately selected elements protecting the workings [19] , [25] , [35] . As regards exploitation workings, the load bearing washers play a specific role as they transfer the loads of the bolt rod to the roof surface, at the same time compressing the package of rocks being bolted [8] , [16] , [27] , [36] .
The search for the solutions to increase the deformability of underground excavation support, including rock bolts, has a relatively long history. In Poland, the rock bolt support with a rubber head was used as early as the 1970s. A deformable rubber bushing was used instead of the mechanical head [1] , [14] , [34] , increasing the deformability of expansion shell rock bolt support by using the pads made of pine wood, conveyor belt, and cast rubber. The use of a deformable pad made of conveyor belt allowed a reduction in rock bolt initial stress by 5% to 10% after a single impulse, and by 20% to 25% after 10 loading cycles of vibrations. In laboratory tests, vibrations acting from the side of the load bearing pad were simulated. The torque measurements in the conditions of the exploitation workings in "Rudna" Copper Mine showed improvement of the interaction between the rock bolts with increased deformability and the rock mass. The rock bolt support with KE-3W type head (3 shells and one expander), Fig. 1 , fitted with 20 mm thick deformable pads made of conveyor belt were used in the tests. Fig. 1 . KE-3W-head of the rock bolt [10] As the depth of mining and civil underground construction increases, stress-induced rock fracturing is inevitable [15] . The occurrence of rockburst is always difficult to predict and therefore special rock support and reinforcement systems, i.e., yielding systems, must be installed after excavation to ensure total stability of the opening [26] . Most underground structures are essential to human life and include many utilizations: pipelines for water, sewage, gas, electricity and telecommunication; subways; underground roads. For these reasons it is very important to study how tunnels are damaged during earthquakes to protect human life and the service efficiency [7] , [20] , [38] . Many deep civil tunnels in Switzerland, China, and Peru have experienced rockbursts to various degrees. Two recent civil projects that experienced severe rockburst damage are the Jinping II hydropower intake tunnels in China [40] , [43] and the Olmos TransAndean tunnel in Peru [41] .
The initial stress within the bolt was reduced by 20%-30%, as compared to the rock bolts without deformable component [33] . Current rock bolts are provided with bolt rods with specially designed variable longitudinal geometry in order to achieve increased deformability under variable loads. A number of researchers across the world have developed various original constructions such as: "Durabar" rock bolt [31] , "D" [6] , [22] , [21] modified "Cone-bolt" [4] , [37] , "NMX" [13] "DAP" [28] , "Yield-Lok" [42] , "Dynatork" [30] . A cylinder can be attached to the bolt rod as a deformable rock bolt support component. The cylinder is located between the washer and the rock bolt nut [12] , [23] . Deformability of the rock bolt support can also be increased by the use of an internal absorber on the bolt rod, such as in the "Roofex" rock bolt [5] , "Garford" [11] , and "He" [9] , [39] .
There are a number of factors related to natural hazards (rock bursting, rock mass tremors, relaxations), local instability (roof rock falls, rock slides, development of rock mass separation), mining technological factors (blasting with explosives, mining method, and support types ), and geological factors (depth of the orebody, structure of the roof, rock strength parameters, faults) [2] , [17] , [24] , [29] . As a result of a combination of individual factors, the roof of underground excavations sags. To increase factor of safety of the rocks forming the direct roof of the working, it is possible to use the rock bolts with increased deformability (Fig. 2) . The rock bolts of this type can strengthen the working by reducing the deformation gradient of the rock mass surface located close to the rock bolt washer to an acceptable level of roof sagging [3] . 3 . The test rig allows 1:1 scale rock bolt testing, bolts fitted with up to 6 m long rods, using different methods of fixing (with expansion shells, wedges, cement, resin injections or cartridges) in the rock mass. Additionally, in a rig simulating mine conditions, particularly in KGHM Polska Miedź S.A. underground copper mines, it is possible to test the rock bolt supports at variable loads and programs, and also to set three load ranges: 400 kN, 800 kN, and 1,600 kN. The detailed description of the test rig is presented in paper [18] and in Fig. 4 . Three electric resistant strain gauges, Fig 5, with temperature compensation elements, Fig. 6 , were glued on the smooth surface of each rod tested, located as shown in Fig. 7 . The purpose of the tests was to obtain the stress-strain characteristics of the rock bolt with increased yield and to make a comparison with the rock bolt support without increased yield.
LABORATORY TESTS
To simulate mine conditions in the laboratory test rig, split bushes were used, Fig. 8 , which were filled with concrete of uniaxial compressive strength of at least 80 MPa. Holes with diameters from 37 to 38 mm were made in cylindrical concrete blocks, 220 mm in diameter. The axially arranged holes were of the same diameter as the holes made in mining excavations. One end of the bolt rod had a cold rolled thread M20, whereas the other end had a square profile adapted to give a torque (to rotate the rod). The bolt rod works together with the KE3-2K type expansion shell head, Fig. 10 , length 136 mm and diameter 36 mm. The head consists of three shells, two expanders, 31 mm diameter spring, and a conical cap.
The 6 mm thick, profiled round rock bolt washers were used in the tests. This shape of washer was selected due to its popularity in the ore mining involving the use of expansion shell rock bolt support. Additionally, a deformable component, Fig. 11 a, b, was used in the tests, which consisted of two profiled rock bolt washers, two disk springs, Table 1 , Fig. 12 , and three mounting bolts. The disk spring and disk washer material differed in stiffness. The construction materials ensure that under loading the springs are initially partially compressed, and then the rock bolt washer is plastically deformed. Plastic deformation of the rock bolt washer is possible owing to the difference in diameters of the holes in the rock bolt washer (22 mm) and the disk springs (61 mm). The improvement of rock bolt deformability involved the use of an additional component, Fig. 11a , b, c, on the bolt rod applied from the excavation side. In the laboratory, the increment of load reduced the height of the deformable component. During the time the determination of height change in the component with increasing load. The force F was recorded in the Catman Easy application, whereas the height change in the component, Δh, was determined using an electronic calliper in three measurement points, Fig. 11c . The measurement of reduction of the height of the component up to the end of elastic range was carried out on the basis of loading-displacement characteristics of the rock bolt at static load without any increase in deformability. This resulted from the need to maintain safety conditions at the test rig. When the bolt rod breaks, the elements of the rock support are thrown out with some of the kinetic energy. As a result, after exceeding the elastic limit of the bolt rod some protective cylinders were used, making further measurements impossible.
The increase of the rock bolt support deformability during testing involves taking advantage of the incomplete compression of the disk springs, and plastic strain of the rock bolt washer at the side of the bolt rod head, Figs. 13, 14b. As a result of differences in the diameters of the rock bolt washer and the disk springs, there is a possibility of plastic deformation towards the internal diameter of the disk springs along the bolt rod axis. This means that the total displacement will be greater compared to the rock bolt support without increased deformability.
MECHANISM OF STATIC TENSION OF EXPANSION SHELL ROCK BOLT WITH THE YIELDED COMPONENT
The rock bolt with sensors and the deformable component were manually inserted into a hole in the concrete block. Using a dynamometric wrench, the head was expanded within the hole, applying a torque of 250 Nm (in accordance with the requirements for rock bolts used in mines). After expanding the head in the hole, preliminary tension of 30 kN was applied with hydraulic jacks in the test rig. The static tension tests involved a temporary increase of pressure by 10 bar. This was set by the hand wheel of the pressure reducing valve in the test rig. Each increase of pressure was preceded by a loading time of 10 s. The average test duration until rupture was 120 s, matching both the requirements posed by the Polish standards [32] for the tension tests, and the conditions corresponding to the static load increment in underground chamber workings. During the whole loading cycle, the tensile force was measured continuously by four KKM 50 type force sensors installed on a slidable disk of the hydraulic device (HUK). The bolt rod strain value was also recorded by means of three electric resistance wire strain gauges glued onto its cylindrical part at equal distances of 400 mm from each other. Additionally, the test rig was equipped with one draw wire encoder recording total elongation until rupture. The individual sensors of force, displacement and strain were connected to the universal measurement amplifier QuantumX MX840. During the entire static tension process, data from individual sensors were recorded using Catman Easy, an application suitable for such purposes. As a result of using the deformable component, a modified stress-strain characteristic of the rock bolt support was obtained. The examples of characteristic parameters obtained during the tests are shown in Tables 2 and 3 As a consequence of the action of the force F along the bolt rod with Lz length, it lengthens by ΔLz and the head is displaced as it slides in the hole by ΔLg. This is followed by the displacement due to the shortening of the Eu element by ΔLp. The sum of those displacements is shown as ΔM, ΔM = ΔLg + ΔLz + ΔLp.
(
Along with the progressive elongation and/or displacement of the head and the rod, the deformable component 4 is being compressed by ΔLp. Assuming the elasticity of strains within the range of the linear parts of the characteristics in the loadstrain system, it is possible to define the following relationships describing the stiffness of the following components (k i -the stiffness understood as the ratio of the acting force and the displacement incurred): Stiffness of the rock bolt interacting with the head (phase I), kN/mm
Stiffness of the rock bolt interacting with the head (phase II), kN/mm * The elastic range of the deformable component, ψ* is the range, where an incomplete compression of disk springs occurs, and after relieving, the spring returns to its initial position. After exceeding this range, the rock bolt washer of the deformable component at the side of the rod flange undergoes deformation towards the internal hole of the disk springs (Figs. 13, 14) . The values of force F st and reduction in sensor height are specified for this range. 
Stiffness of the deformable component, kN/mm
Stiffness of the rod, kN/mm
The stiffness k of the system (head-bolt rod-Eu) under loading with the force F can be defined with the formula
After reduction we have
According to the methodology of test measurements, it is possible to read adequate stiffness values (kp and kz) on the basis of measured values of the Eu element, strains ΔLp and the longitudinal strains ΔLz of the bolt rod (phase I) from the chart shown in Fig. 17 and the formulas referred to above. The measurement of the displacements carried out using the encoder takes into account the sum of displacements and it does not provide the possibility to directly determine head displacement ΔLg1 and its stiffness kg1. The F-G section of the characteristic allows determining the stiffness The values applied in further analysis of the process involving the rock bolt support loading on the test rig are marked and explained in Figs. 16 and 17 . In Fig. 16 , two displacement ranges are distinguished. The ΔLgz1 range corresponds to the intensive displacements of the head and the bolt rod (Phase I loading), altogether not exceeding 10 mm. Further loading, marked as ΔLgz2, is Phase II loading characterised by the displacements of up to ca. 140 mm. For the characteristic section within the range of the ΔLgz2 displacements, a linear approximation was carried out, and the appropriate equations for the course of variability of the force F loading the rock bolt versus ΔL displacements were formulated. Analogical symbols and equations are shown in Figs. 18, 20, 22, 24 with reference to successive experiments carried out and rock bolts. The range of the elastic strains -expansion (return to the initial position). B-C-D The range of the elastic strains of the deformable component -height increment and reduction. The linear approximation has been used to describe the linear relationship between the force and the displacements in the 0-A range and the equation is given in the chart. The other characteristics are related to re-expanding of the deformable component Eu, and then elastic deformation, partially irreversible. Furthermore, the chart in Fig. 17 demonstrates the course of the bolt rod strains 0-E within range of elasticity, determined using three strain gauges (bolt t_11, t_12, t_13). After averaging of those values (rod t1_av), a linear approximation was made and an appropriate straight line equation was formulated. The numerical values of slopes for the straight The F-G section corresponds to the sum of head displacements and the bolt rod strains taking into consideration shift of the Eu component, as measured using a precise draw wire encoder. The straight line equation (rock bolt 1) was formulated as a result of the linear approximation, see Fig. 17 .
Using the deformable component, as a specific rock bolt washer, brought about changes in the stiffness of the system "head-bolt-deformable component", as compared to the system without that component. The analyses of the measured strains (displacements) shows that as a result of the use of the deformable component, the bolt rod deformation is 8% larger than in the case of the stiff bolt (transition from A to B), see Fig. 36 . Considerably greater changes were recorded as regards total displacements of the system, both in Phase I and Phase II loading. The highest decrease in the displacement for the rock bolt with increased deformability, up to 14 mm, occurs in Phase I (elastic phase) which is 100% lower when compared to the rock bolt without increased deformability (transition from C to D), see Fig. 37 . In fact, the rock bolt shows greater stiffness within this range. In Phase II, strains (plastic) occur within range of up to ca. 140 mm. In this case, the increase of deformability is about 20% higher system displacement (transition from E to F), see Fig. 38 . It can therefore be stated that using the deformable component in Phase I loading, that is, up to ca. 100 kN, makes the entire system stiffer, with slight drop in the stiffness of the bolt rod itself. Only further increment of loading and strain in Phase II causes lower stiffness of the system "rock bolt-head-deformable component".
The load-displacement characteristics for the rock bolt support with a deformable component presented in Figs. 17, 19 , 21, 23 and 25 is characterized by the possibility of distinguishing three characteristic ranges in its functioning. The first, from 0 kN up to 90 kN, indicates an incomplete compression of the disk springs. Within this range, the profiled rock bolt washers work within the elastic range and the height between the two rock bolt washers is shortened. The second range, from 90 kN up to 105 kN, indicates plastic deformation of the rock bolt washers. At this stage, the height between the two rock bolt washers increases, caused by washer material plastic deformation (inner part of the washer undergoes plastic deformation towards the inside of the disk springs, whereas the outer part of the washer gets deformed in the opposite direction). The third operation range of the deformable component, from 105 kN up to 120 kN, means that the load is taken up by the disk springs. In this range, the height between the two rock bolt washers decreases again, and the disk springs undergo further partial compression.
CONCLUSIONS
Generally, different constructions of yielded rock bolts are addressed, especially to dynamic loading conditions in underground mines, reducing their failure/rupture risk; however, practically, this kind of rock bolt works most of the time under static loading. Based on the tests of stiff rock bolts equipped additionally with an original deformable component, full characteristics of yielded rock bolts working under static loading were determined.
It has been found that the deformable component increases bolt rod displacement by 8%, as compared with stiff bolt, at the loading force level of 100 kN (minimum loading capacity required for rock bolts in metal ore mines according to Polish mining law).
Further displacement of the yielded rock bolt, up to 14 mm in Phase I, is lower by 100% as compared to the stiff rock bolt under the same loading force. Phase II loading, with plastic deformation of the deformable component, is characterised by 20% increase in displacement of the rock bolt. As a result of the use of the deformable component, the rock bolt can be loaded with its nominal force in the underground excavation and transfer greater displacement of the roof, especially in mines operating in sedimentary, laminated rocks.
Although the advantages of using the deformable component under dynamic phenomena are beyond the scope of this paper, there are numerous research works on the subject, some of which are included in the bibliography.
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